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ABSTRACT 

 

 

 

IMPLICATIONS OF CELL COMPOSITION AND SIZE ON THE PERFORMANCE OF 

MICROALGAE ULTRASONIC HARVESTING 

 

 

Substantial economic challenges exist across the value chain for microalgae-based 

biofuels and bioproducts. Acoustic harvesting could dramatically reduce harvesting costs and 

directly address current energy barriers to separating algae from growth media. This technology 

utilizes ultrasonic standing waves to create an acoustic radiation force that, due to differences in 

the acoustic properties of the cells and media, causes the microalgae cells to agglomerate and 

settle out of the solution. The magnitude of the acoustic radiation force is directly related to the 

cell radius and acoustic contrast factor (ACF), the latter of which is a function of the density and 

compressibility of the cell. These properties can vary widely depending on the algae species, 

cultivation conditions, and growth stage—all of which affect the composition of the microalgae 

cells (e.g., lipid, carbohydrate, protein content). In this work, two methods were used to 

determine the ACF of microalgal cells: 1) a property measurement approach and 2) a particle 

tracking approach. The first method involved experimentally measuring the size distribution, 

density and compressibility of the cells and calculating the ACF. The second method utilized 

particle tracking velocimetry and a COMSOL Multiphysics model to estimate the ACF. The 

ACF was characterized, using both techniques, for three species—Chlamydomonas reinhardtii, 

Nannochloropsis salina, and Tetraselmis chuii—as a function of dynamic cellular composition 

over a 2-week growth period. For C. reinhardtii the lipid content increased from 26% ± 1% to 

40% ± 1% from day 3 to 9, which resulted in a 43% decrease in ACF (0.056 ± 0.003 to 0.032 ± 
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0.001). For N. salina the lipid content increased from 25% ± 1% to 33% ± 1% from day 3 to 10, 

which also resulted in a 43% decrease in ACF (0.040 ± 0.002 to 0.023 ± 0.001). For T. chuii the 

lipid content remained relatively stable (~10%) throughout the growth period so the ACF (~0.3) 

did not change significantly. ACF decreases as lipid content increases because lipids have a 

negative ACF in growth media, whereas carbohydrates and proteins have a positive ACF. 

However, cell size can have a greater impact on an algal strains’ responsiveness to acoustic 

harvesting because the net force is proportional to Φ𝑎2. Furthermore, acoustic harvesting works 

best for large diameter cells, provided that those cells have a nonzero ACF. T. chuii had the 

largest cell diameter of approximately 12 µm, while C. reinhardtii and N. salina had cell 

diameters of 8.5 µm and 4.3 µm, respectively. The Φ𝑎2 values for T. chuii were approximately 

50× higher than the values for N. salina, which is largely due to T. chuii cells having a diameter 

that is 3× the diameter of N. salina cells. Composition also contributed to the higher Φ𝑎2 values 

for T. chuii since these cells were composed of mostly carbohydrates and had an ACF that was 

an order of magnitude higher than the ACF of N. salina. This research shows that acoustic 

harvesting has the potential to positively impact the algal biofuels value chain through the 

reduction of energy required for harvesting.  
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1 INTRODUCTION 

 

 

 

1.1 Motivation 

Climate change is an urgent, global issue that must be combated to reduce the risks of sea 

level rise, temperature changes, and more intense storms [1] [2]. Reducing CO2 emissions from 

the use of liquid transportation fuels could reduce the effects of climate change. Biofuels made 

from microalgae have the potential to make transportation more sustainable by decreasing 

lifecycle greenhouse gas emissions [3] reducing the dependence on imported fuels [4]. Biofuels 

made from microalgae have the ability to reduce greenhouse gas emissions by 50% or more 

compared to fuels made from petroleum, allowing for the possibility for algae biofuels to qualify 

as advanced biofuels under the Renewable Fuel Standard [5] [6] [7]. Microalgae are one of the 

only biofuel sources that have the productivity required for global-scale production [8]. 

Microalgae have a production rate that is 10 to 100 times higher than that of terrestrial biofuel 

crops [9]. Additionally, microalgae have an advantage over more traditional biofuel crops, such 

as corn and switchgrass, because they do not require land that would otherwise be used for 

agriculture [10]. Microalgae grow in water and some strains can even thrive in salt water or 

wastewater [8] [11]. Microalgae also consume carbon dioxide at a rate of 1.83 kg of carbon 

dioxide per kilogram of biomass [12]. Therefore, microalgae farms co-located with power plants 

could recycle CO2 and temporarily reduce the amount released into the atmosphere [12] [13]. 

Another benefit of microalgae is that it can be used as animal feed because it has a similar profile 

to the Food and Agricultural Organization reference case for conventional foods and can store up 

to 54% dry weight as protein [14]. Microalgae are also becoming more widespread in the 

cosmeceuticals, nutraceuticals, and functional foods industries due to their high-value products 
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such as β-carotene, astaxanthin, docosahexaenoic acid, eicosahexaenoic acid, and phycobilin 

pigments [15]. 

Currently, a major setback with producing microalgae as a biofuel feedstock or 

bioproduct is the dewatering process due its’ high energy input and cost. Many lifecycle and 

techno-economic analyses show that microalgal biofuels are not economically or energetically 

viable yet—partially due to this dewatering energy sink [16]. Microalgae cells are usually 

cultivated in large amounts of water and it is difficult to remove the cells because they have a 

similar density to water. The current practice for removing the microalgae is to use expensive, 

energy-intensive centrifuges or filter presses [17] [18]. An alternative approach to these energy 

intensive processes is using ultrasonic standing waves to harvest the cells.  

Ultrasonically enhanced settling (UES), which is a form of acoustic harvesting, is a method 

used to separate particles in suspension with a liquid. Ultrasonic standing waves are applied to a 

liquid medium and cause particles in the solution to move together to form bands at the node or 

antinode of the wave. The particle movement as a result of the sound pressure is known as 

acoustophoresis. This technique has mostly been used for relatively small batch volumes and low 

throughput. UES has been used to separate red blood cells [19], hybridoma cells, Chinese 

hamster ovary cells [20], oil and water emulsions [21], milk, and palm oil [22]. A recent review 

of ultrasonic separation [22] only found one application for microalgae [23]. Ultrasonically 

enhanced settling has the potential to reduce the cost of algal biofuels associated with harvesting 

by about two orders of magnitude [24]. Depending on the responsiveness of algae to acoustic 

harvesting, this technology could consume less energy than centrifugation or membrane 

filtration, making it the only technology capable of meeting the National Alliance for Advanced 
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Biofuels and Bioproducts goal of bringing harvesting costs down to $0.013 per gallon of 

gasoline equivalent [24] [25].  

1.2 Acoustophoresis 

The phenomenon of particle migration due to acoustic waves is known as acoustophoresis.  

Acoustic waves can be mathematically described by the wave equation in terms of the acoustic 

pressure [26]: 

𝜕2𝑝

𝜕𝑥2
=

1

𝑐2
𝜕2𝑝

𝜕𝑡2
 

(1) 

where p is the acoustic pressure (Pa), x is the distance coordinate (m), c is the speed of sound (m·s-

1) and t is the time (s). A standing wave is a special case in which an acoustic wave ends on a rigid 

boundary condition, such as a reflecting surface. The wave is fully reflected with a 180° phase 

difference, creating a constructive interference. The resulting standing wave has twice the 

amplitude of the original acoustic wave (due to the constructive interference) with minimal power 

leaving the fluid [27].  

 Ultrasonic standing waves have been used to manipulate particles in a fluid [28]. A 

spherical particle in suspension with a fluid becomes a scattering point, or compressibility 

mismatch, for the acoustic wave, which creates the acoustic force on the sphere [29]. The acoustic 

radiation force pushes the particles to the acoustic nodes or antinodes and is dependent on the 

acoustic contrast factor (ACF) and the radius of the particle cubed [30]: 

𝐹𝑟𝑎𝑑 = 4𝜋Φ𝑘𝑎3𝐸𝑎𝑐sin(2𝑘𝑧) (2) 

where 𝑘 is the wavenumber (m-1), 𝑎 is the radius of the particle (m), 𝐸𝑎𝑐 is the acoustic energy 

density (J·m-3), 𝑧 is the position of the particle along the axis of the standing wave (m), and Φ is 

the acoustic contrast factor [31]: 
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Φ =
1

3
[
5(𝜌𝑝 𝜌𝑚⁄ ) − 2

2(𝜌𝑝 𝜌𝑚⁄ ) + 1
−
𝜅𝑝

𝜅𝑚
] 

(3) 

where 𝜌𝑝 is the density (kg·m-3) of the particle (an algal cell in this case), 𝜌𝑚 is the density (kg·m-

3) of the fluid (growth media in this case), and 𝜅𝑝 and 𝜅𝑚 are the compressibility of the particle 

and fluid, respectively, (Pa-1). Compressibility is related to density and speed of sound as shown 

in Equation 4: 

𝜅 =
1

𝜌𝑐2
 

(4) 

where 𝑐 is the speed of sound (m·s-1). 

The theory behind Equations 2 and 3 is based on the case when the particle radius is small 

compared to the sound wavelength and when the particle and liquid densities are the same order 

of magnitude. The acoustic radiation force causes the cells to migrate to the node of the ultrasonic 

standing wave when the ACF is positive, as seen in Figure 1. When the ACF is negative, the cells 

will instead migrate to the antinode of the wave [30] [32]. 

  
Figure 1. Demonstration of algal cells undergoing the acoustic radiation force under a microscope 

(left) and in a 4 mL quartz cuvette (right). The blue line represents the ultrasonic standing wave 

and the cells are agglomerating at the nodes of this wave.   
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 Cell composition determines whether the ACF of algal cells will be positive or negative.  

Microalgae cells are primarily composed of lipids, proteins, and carbohydrates. Particles 

composed of pure protein or pure carbohydrate would have a positive ACF when suspended in 

algal growth media, while particles composed of pure lipid would have a negative ACF (Table 1). 

Cells with high lipid content are desired for algal biofuel production. As algal cells accumulate 

lipids over their growth cycle, it is possible that the ACF of the cells in the media could approach 

zero or become negative [25]. For acoustic harvesting to work, the ACF needs to be positive or 

negative, but not zero. This research investigates changes in cell composition to determine if 

acoustic harvesting would become ineffective over the course of a growth period. 

Table 1. Density, speed of sound, compressibility, and acoustic contrast factor in saline growth 

media for various substances. [25] 

Substance Density, 

ρ  

(kg·m-3) 

Speed of 

sound, c 

(m·s-1) 

Compressibility, 

κ 

(Pa-1) 

Acoustic contrast 

factor in media, Φ 

(-) 

Water @ 20 °C [25] 998 1483 4.56 × 10-10  - 

Saline growth media [25] 1013 1504 4.37 × 10-10 - 

Carbohydrates (corn starch) [33] 1620 2810 7.82 × 10-11 0.42 

Protein (Myoglobin) [34] 1370 3473 6.05 × 10-11 0.38 

Lipid @ 20 °C (soybean oil) [25] 919 1470 5.03 × 10-10 -0.08 

Microalgae (Chlorella vulgaris) [35] 1100 1540 3.83 × 10-10 0.07 

Polyamide seeding particles [36] 1030 2200 2.01 × 10-10 0.19 

 

Cell size is another parameter that impacts the responsiveness to acoustic harvesting. The 

acoustic radiation force is proportional to the cell radius cubed (Equation 2). However, when algal 

cells are suspended in media the acoustic radiation force is opposed by a drag force from movement 

in a viscous fluid:  

𝐹𝐷 = 𝐶𝐷𝐴
𝜌𝑚𝑉

2

2
 

(5) 
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where 𝐶𝐷 is the drag coefficient, 𝐴 is the cross-sectional area of the cell (m2), and V is the velocity 

of the cell (m·s-1).   

Assuming a spherical cell, the coefficient of drag is given by Equation 6 when 𝑅𝑒 ≲ 1, 

and the resulting drag force is given by Equation 7:  

𝐶𝐷 =
24

𝑅𝑒
=

24𝜇𝑚
𝐷𝜌𝑚𝑉

 
(6) 

𝐹𝐷 = 6𝜋𝜇𝑚𝑉𝑎 (7) 

where 𝜇𝑚 is the dynamic viscosity of the media (kg·m-1s-1). Therefore, the ratio of the acoustic 

radiation force to the drag force is proportional to Φ𝑎2. This metric was chosen to compare algal 

cells in specific growth conditions to determine which cells would be more readily harvested. 

1.3 Previous Research on Acoustic Properties of Algae 

Prior to this work, limited data were available on the manner in which the acoustic response 

of microalgae cells varies with strain, growth conditions, and growth stage. Hincapié Gómez et al. 

(2018) calculated ACFs for M. gaditana, N. oculata, P. tricornutum, and C. reinhardtii by 

measuring the density and speed of sound of the cells in suspension (see Section 2.3.1) [25]. This 

approach involved measuring the density and sound velocity of algal cells suspended in media and 

then calculating a restulting density and sound velocity of the algal cells. The ACF of C. reinhardtii 

was also measured by using particle tracking velocimetry to record the motion of the cells in the 

presence of an acoustic field (see Section 2.3.2). The recordings of cell motion were matched with 

COMSOL Multiphysics modeling to infer an ACF based on other known quantities in Equation 2 

[25].   

The ACF of microalgae cells (in fresh water or salt water growth media) could theoretically 

be positive or negative depending on cellular composition since the ACFs of carbohydrates and 
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proteins are positive and the ACF of lipids is negative. Therefore, the ACF of microalgae cells 

could change dramatically as cells grow and accumulate lipids. Hincapié Gómez et al. (2018) 

demonstrated this concept experimentally using starch null sta6 mutant C. reinhardtii (CC-4348) 

cells [25]. The cells were cultured in a nutrient-rich medium and were then transferred to a 

nitrogen-depleted medium and boosted with acetate. Cells cultivated using this procedure have 

been shown to accumulate large lipid bodies and eventually become less dense than water [37] 

[38]. The impact of cellular composition on ACF was explored by performing PTV measurements 

on cells harvested at the beginning, intermediate, and end stages of the nine-day post-boost, 

nitrogen-deprived growth period [25]. At the beginning of the growth period, the cells had a 

positive ACF and migrated to the node of the standing wave. Mid-way through the growth period, 

the cells did not respond to the acoustic field, indicating that the ACF was very close to zero. At 

the end of the growth period, the cells had a negative ACF and migrated to the antinode of the 

standing wave [25]. These results demonstrate that changes in cellular composition over the course 

of the growth cycle can impact both the magnitude and the sign of the ACF.  

Although Hincapié Gómez et al. (2018) demonstrated that acoustic properties can vary 

depending on algal strain and growth stage, they did not quantitatively measure cell carbohydrate, 

protein, and lipid contents at any point in the growth process [25]. Furthermore, the previous study 

did not report quantitative variations in ACF over the course of the growth cycle. In the present 

study, the acoustic contrast factor and cell composition (e.g., lipid, protein, and carbohydrate 

content) were evaluated for three microalgae strains at the beginning, middle, and end of 9 to 14 

day growth periods to quantitatively determine impact of the variation in cell composition on 

acoustic properties. The discussion section focuses on the impact of a dynamic ACF on the 

implementation of acoustic harvesting systems.  
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2 MATERIALS AND METHODS 
 

 

 

The acoustic contrast factors for three species of microalgae (Chlamydomonas reinhardtii, 

Nannochloropsis salina, and Tetraselmis chuii) were determined by measuring the density and 

speed of sound of suspensions of microalgae cells in growth media. In addition, the trajectories of 

microalgae cells exposed to an acoustic field were measured using particle tracking velocimetry 

(PTV) and modeled using COMSOL Multiphysics to determine the effective ACF of the cells in 

the media. Both of these methods were used to study how ACF changes as microalgae accumulate 

lipids and change composition throughout a batch growth cycle.  

2.1 Microalgae Cultures and Cultivation 

Chlamydomonas reinhardtii isoamaylase deficient mutant (CC-4334) was obtained from the 

Chlamydomonas Resource Center. As described in Hincapié Gómez et al. (2018), the strain was 

cultivated phototrophically in tris-acetate-phosphate (TAP) in a 9 L photobioreactor (PBR) (Figure 

2) at 23 °C and 350 µmol·m-2·s-1 of continuous light [25]. A mixture of air and carbon dioxide was 

bubbled through the system to maintain a pH of 7 [25]. The density, speed of sound, cell size, 

motion of the cells in the presence of an acoustic standing wave, and cell composition were 

measured after 3, 6, and 9 days of growth.   

Nannochloropsis salina (CCMP 1776, recently reclassified as Microchloropsis salina) was 

obtained from the Bigelow National Center for Marine Algae and Microbiota. The microalgae 

were cultivated phototrophically with autoclaved N. salina growth medium (described by Napan 

et al. [39]) in a 12 L photobioreactor (Figure 2) at 23 °C and 350 µmol·m-2·s-1 of continuous light. 

A mixture of air and carbon dioxide was bubbled through the system to maintain a pH of 7. The 
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density, speed of sound, cell size, motion of the cells in the presence of an acoustic standing wave, 

and cell composition were measured after 3, 7, and 10 days of growth. 

Tetraselmis chuii (UTEX LB 232) was obtained from the Culture Collection of Algae at The 

University of Texas at Austin (UTEX). The microalgae were cultivated phototrophically in f/2 

media in a 12 L photobioreactor (Figure 2) at 24 °C and 350 µmol·m-2·s-1 of continuous light. A 

mixture of air and carbon dioxide was bubbled through the system to maintain a pH of 7.5. The 

density, speed of sound, cell size, motion of the cells in the presence of an acoustic standing wave, 

and cell composition were measured after 3, 6, 9, and 14 days of growth. 

Each of the three microalgae strains (C. reinhardtii, N. salina, and T. chuii) were cultivated 

in nine to twelve separate PBRs, depending on the strain. On each sample day, equal volumes from 

each tube were taken and mixed together to form a stock solution so that enough biomass would 

be available for all of the subsequent analyses, which included cell size imaging, density meter 

testing, PTV, and composition analyses. 

 

Figure 2. Photobioreactor system used to grow algae in this study. PBRs were kept in a thermal 

bath to maintain culture temperature and pH was controlled with CO2 air sparging.  
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2.1.1 Algal Concentration Quantification 

Periodic measurements of algal concentration were taken to track algal growth. The 

vacuum filtration method was used to create a correlation curve between algal concentration and 

optical density measured at 750 nm [40]. Multiple aliquots of algal suspensions at optical 

densities ranging from 0.1 – 0.9 were filtered through glass fiber filters (Whatman GF/F, 47 mm, 

nominal pore size 0.7 μm). Each optical density sample had five replicates of 5 mL each. The 

control used 5 mL of media instead of an algal suspension. Each pre-weighed filter was rinsed 

with 1 mL of deionized (DI) water before adding the 5 mL sample. After the sample was added, 

the vacuum was turned on for at least 10 minutes. Filter papers were dried in a 40°C oven for 48 

hours. After drying, filters were re-weighed to the nearest 0.0001 g. Water absorbed to the filter 

from the relative humidity in the air was assumed to be negligible as filters were weighted within 

2 minutes of being removed from the oven. The difference in filter weight was used to determine 

the mass concentration of algae at each optical density reading [40]. During the algal growth 

cycles, the optical density was measured and the calibration curve was utilized to estimate the 

concentration of algae.  

2.2 Determination of Algal Composition 

The ACF and cell composition were evaluated at different points in the algal growth cycle 

to determine how changing cell composition affected acoustic properties. C. reinhardtii was 

evaluated on day 3, 6, and 9 of the growth cycle; N. salina was sampled on day 3, 7, and 10; and 

T. chuii was sampled on day 3, 6, 9, and 14. The methods used to quantify cell composition (i.e., 

lipid, protein, carbohydrate, and ash content) are described below. In preparation for the 

composition measurements, the algae stocks were freeze dried in a lyophilizer (FreeZone 2.5, 

Labconco, Kansas City, MO, USA) at -50°C and 0.020 mBar for 48 hours. The Tukey-Kramer 
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multiple comparisons procedure was used with α = 0.05 to determine if the composition of a strain 

changed significantly between sample days [41]. 

2.2.1 Lipid Quantification 

A sulfo-phospho-vanillin (SPV) colorimetric method described by Mishra et al. (2014) 

was used to determine the lipid content of each algal strain on separate days in the growth cycle 

[42]. Canola oil (120962-03-0, Sigma Aldrich, St. Lois, MO, USA) was used as the lipid 

standard to create the calibration curve [42]. To make the algal stock solutions, approximately 10 

mg of freeze-dried algae were crushed with a mortar and pestle and mixed with 10 mL of DI 

water in a test tube. The only modification made to the procedure of Mishra et al. (2014) was that 

each test tube was vortexed for 10 seconds after the addition of phospho-vanillin solution [42]. 

This modification allowed for better mixing in the incubator shaker. All samples were analyzed 

in triplicate at 530 nm using a spectrophotometer (Genesys 20, Thermo Scientific, Waltham, 

MA, USA).  

2.2.2 Protein Quantification 

The Modified Lowry Protein Assay kit (P123240, Thermo Scientific, Waltham, MA, 

USA) was utilized to quantify the algal protein content [43]. To make the algal stock solutions, 

10 mg of freeze-dried algae were ground in a mortar and pestle and suspended in 5 mL of lysis 

buffer to facilitate the extraction of proteins [44]. To prevent any interference caused by the lysis 

buffer, the stock solution was vortexed with a sodium dodecyl sulfate salt (SDS) solution as 

described in González López et al. (2010)  [44]. Albumin (BSA) dissolved in lysis buffer was 

used as the standard to create the calibration curve [44]. All samples were centrifuged at 3000 g 

for 3 minutes to remove any particles [45]. All samples were analyzed in triplicate at 750 nm 

using a spectrophotometer (Genesys 20, Thermo Scientific, Waltham, MA, USA). 
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2.2.3 Carbohydrate Quantification 

The Sulfuric Acid – UV method was used to quantify the carbohydrate content in each 

algal strain [46]. This procedure is a newer, faster alternative method to the Phenol-Sulfuric Acid 

method [47], the latter of which is more hazardous due to the use of phenol [46]. The Sulfuric 

Acid – UV method also cuts measurement error in half [46]. Two calibration curves were created 

using glucose and starch as standards [48]. The average of these two curves was used to 

represent a calibration curve for neutral carbohydrates [46]. To make the algal stock solutions, 

approximately 10 mg of freeze-dried algae were crushed with a mortar and pestle and mixed 

with 10 mL of DI water. To obtain carbohydrate concentrations in the range of the calibration 

curve, the stock solution was diluted 10 fold with DI water. The only modification made to the 

Sulfuric Acid – UV procedure was that the test tubes were vortexed before and after the ice bath. 

All samples were analyzed in triplicate at 315 nm using a UV-VIS spectrophotometer 

(NanoDrop 2000, Thermo Scientific, Waltham, MA, USA). 

2.2.4 Ash Quantification 

Ash content for saltwater species (N. salina and T. chuii) were analyzed using the National 

Renewable Energy Laboratory’s Analytical Procedure [49]. This method involved placing 100 

mg samples, which were contained in aluminum weigh boats (08-732-101, Fisher Scientific, 

Hampton, NH, USA), inside a muffle furnace (Thermonace FB1315M, Thermo Scientific, 

Waltham, MA, USA). Samples were then heated in accordance with the following program [49]: 

 Ramp from room temperature to 105 °C and hold for 12 minutes 

 Ramp to 250 °C at 10 °C per minute and hold for 30 minutes 

 Ramp to 575 °C  at 20 °C per minute and hold for 180 minutes 
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 Allow temperature to drop to 105 °C and hold until samples are removed and placed into 

a desiccator to cool to room temperature 

 Samples were completed in triplicate and were weighed in an analytical balance (HPB414Ai, 

Veritas, Mountain View, CA, USA) to the nearest 0.1 mg. Ash content for freshwater species C. 

reinhardtii was assumed to be negligible [50]. 

2.3 Determination of the Acoustic Contrast Factor 

The methods used to measure ACF were previously described by Hincapié Gómez et al. 

(2018), but a summary is included here [25]. Two different methods were used to determine the 

ACF: 1) property measurement approach and 2) particle tracking approach. The property 

measurement approach involved calculating the density and sound velocity of microalgae cells and 

subsequently using these values to directly calculate the ACF. The particle tracking approach 

involved recording videos of the microalgae cell motion under the acoustic force and utilized 

particle tracking velocimetry and COMSOL modeling to determine the ACF. The Tukey-Kramer 

multiple comparisons procedure was used with α = 0.05 to determine if the ACF of a strain changed 

significantly between sample days [41]. 

2.3.1 Property Measurement Approach 

A stock solution of each algal strain was created by mixing an equal volume from each 1 L 

tube in the photobioreactor to total the final volume given in Table 2. About 10 mL was set aside 

for both cell size imaging and PTV testing. Part of the algae quantity taken from the PBR was set 

aside for composition testing (Table 2), and the rest was retained for density and speed of sound 

measurements. The stock algae solutions to be used for density/speed of sound measurements and 

composition tests were centrifuged to separate the cells from the media. C. reinhardtii samples 

were centrifuged at 2990 g for 5 minutes. N. salina samples were centrifuged at 2850 g for 20 
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minutes. T. chuii samples were centrifuged at 1050 g for 10 minutes. The centrifuged cells to be 

used for composition testing were placed in a -80 degree freezer. The centrifuged cells to be used 

for density and speed of sound measurements were re-suspended in the media used to grow those 

cells to obtain a concentrated mixture with a volume of approximately 5 to 13 mL. This 

concentrated mixture was then diluted with media to create five suspensions with a range of cell 

concentrations shown in Table 2, which were used to measure acoustic properties. 

Table 2. Amount of algae used in experiments and corresponding cell concentration ranges for the 

concentrated suspensions used for the density and speed of sound measurements.  

Strain 
Sample 

day 

Algae sample 

taken from 

PBR (mL) 

Algae sample for 

composition tests 

(mL) 

Cell concentration  

(cells·mL-1) 

C. reinhardtii 

3 540 315 8.7 × 107 – 1.7 × 109 

6 540 315 5.6 × 107 – 1.3 × 109 

9 540 315 7.3 × 107 – 1.7 × 109 

N. salina 

3 600 240 1.6 × 109 – 9.1 × 109 

7 600 240 2.6 × 109 – 1.3 × 1010 

10 600 240 3.2 × 109 – 1.5 × 1010 

T. chuii 

3 960 480 9.5 × 106 – 5.6 × 107 

6 960 480 1.8 × 107 – 1.5 × 108 

9 960 480 2.3 × 107 – 1.5 × 108 

14 960 480 2.5 × 107 – 1.6 × 108 

 

For each strain, a correlation curve for cell concentration (# cells·L-1) and optical density 

was created by using a hemocytometer. On each side of the hemocytometer, five grid sections 

were used to count cells (top right, bottom right, top left, bottom left, and center) [51]. Optical 

density and cell count were measured for three dilutions of each algal strain to confirm the linear 

trend between these two quantities. On each acoustic measurement day, optical density was 

measured on each of the five aliquots used in the density meter testing. Cell concentration was 

calculated using the previously determined linear trend between optical density and cell count. The 



15 

volume fraction of microalgae in each aliquot was determined by multiplying the cell 

concentration by the average cell biovolume for the given strain. 

For C. reinhardtii (CC-4334) and T. chuii (UTEX LB 232), cell size was measured using 

an Olympus IX81 inverted spinning disk confocal (SDC) microscope with a 20X objective lens 

coupled to a Photometrics Cascade II EMCCD camera. For N. salina (CCMP 1776), the same 

setup was used except a 40X objective lens was coupled to the camera because these cells were 

much smaller. A micron slide was used to determine the number of pixels per micrometer in each 

photograph. The diameters of 200-400 cells were determined by analyzing images manually using 

Image J (https://imagej.net). Average biovolume was evaluated assuming that C. reinhardtii and 

N. salina cells were spherical. The assumed shape for T. chuii cells was prolate spheroid [52]. The 

height and width of each T. chuii cell was measured and a volume was calculated assuming a 

prolate spheroid shape. Then, the effective diameter of a sphere of equal volume was calculated. 

This effective diameter is reported because the theory presented is based on spherical particles 

[29]. The average effective diameter was used to determine the ACF in the particle tracking 

approach described in Section 2.3.2. For the property measurement approach, the average volume 

(calculated using the measured height and width) was used to determine the volume fraction. On 

each acoustic measurement day, the average cell volume determined from the Image J 

measurements was used to calculate the volume fraction of cells in the media. 

Density and sound velocity for each aliquot of varying cell volume fraction were measured 

using a DSA 5000 M Density and Sound Velocity Meter (Anton-Parr, Graz, Austria). The DSA 

5000 M uses an oscillating U-tube to measure density and an ultrasonic transmitter and receiver to 

measure sound velocity. Each algal suspension, and pure media, were measured at 20 °C. On each 

acoustic measurement day, the calibration of the instrument was checked using room air and 
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deionized water. Before and after each sample set, the DSA 5000 M was rinsed with naphtha, 

acetone, and ethanol to clean the instrument. Media was used to rinse the sample chamber in 

between each sample. Approximately 3 mL of each algal sample was run through the instrument 

to record measurements.  

For each sample, the density, compressibility, and speed of sound of the cells were 

calculated using Equations 8, 9, and 4, respectively [53]:  

ρ = 𝑣𝑝𝜌𝑝 + (1 − 𝑣𝑝)𝜌𝑚 (8) 

𝜅 = 𝑣𝑝𝜅𝑝 + (1 − 𝑣𝑝)𝜅𝑚 (9) 

where ρ and 𝜅 are the density (g·cm-3) and compressibility (Pa-1), respectively, of the suspension, 

𝑣𝑝 is the volume fraction of cells in the suspension, 𝜌𝑝 and 𝜅𝑝 are the density and compressibility, 

respectively, of the cells, and 𝜌𝑚 and 𝜅𝑚 are the density and compressibility, respectively, of the 

media.  

On each acoustic measurement date, the density and speed of sound were measured for 5 

suspensions containing different concentrations of microalgae cells. The cell density and 

compressibility were reported as the average of these 5 samples ± one standard deviation. A 95% 

confidence interval was calculated for the average cell volume, and the lower and upper limits of 

this interval were used to estimate the uncertainty associated with the cell volume fraction when 

calculating ACF using the property measurement approach. The accuracy of the instrument is 

0.007 kg·m-3. 

2.3.2 Particle Tracking Approach 

The particle tracking approach was also used to determine the ACF of algal cells on each 

sample day. First, the motion of 20 µm polyamide seeding particles (PSP-20, Dantec Dynamics, 

Skovlunde, Denmark) due to the acoustic force was recorded using PTV and modeled in COMSOL 
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Multiphysics. The density and compressibility of the particles were known from the manufacturer, 

therefore the ACF could be confidently calculated. Then the acoustic energy density (𝐸𝑎𝑐) could 

be determined because it was the only unknown in Equation 2. This procedure was completed with 

the polyamide particles suspended in each media type to determine the acoustic energy density for 

each media. The experiment and modeling were then repeated with algal cells to obtain an effective 

acoustic contrast factor for the cells. The acoustic energy density was assumed to remain constant 

between experiments utilizing the same media. 

 The PTV system consisted of a 4 mL quartz cuvette with a 25-mm-diameter ceramic disc 

piezoelectric transducer (SM111, Steiner & Martins, Inc., Doral, FL, USA) on one side to generate 

the acoustic field. A function generator (33120A, Agilent Technologies, Santa Clara, CA, USA) 

produced the ultrasonic wave that was amplified by a 3 Watt RF power amplifier (603L, E&I, 

Rochester, NY, USA). Another piezoelectric disc was placed on the opposite wall of the cuvette 

to act as a sensing transducer. This was connected to a spectrum analyzer (E4401B, Hewlett 

Packard, Palo Alto, CA, USA) to determine the maximum resonant peak to choose the operating 

frequency in each experiment. This setup is shown in Figure 3 and Figure 4. In each media, the 

maximum resonant peak corresponded to a slightly different frequency. The operating frequency 

was set to 1.64 MHz, 1.66 MHz, and 1.68 MHz for C. reinhardtii, N. salina, and T. chuii, 

respectively. The motion of polyamide particles and microalgae cells was recorded using a 

monochrome imaging camera (PL-B741U, Pixelink, Gloucester, Ontario, Canada) coupled to a 

Nikon TMS inverted microscope. Tracker 2.6 software (http://physlets.org/tracker) was utilized to 

measure the distance individual particles or cells traveled between each frame of the videos. 
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Figure 3. PTV experimental setup. The cuvette with algae or polyamide particle sample was placed 

under the microscope that was coupled to a camera (left). The driving piezoelectric disc was 

epoxied to one side of the cuvette and the sensing piezoelectric disc was attached to the opposite 

side with ultrasound gel for each experiment (right).  

 

 

 

 

 

 

 

 

 

Figure 4. Process diagram of how the experimental setup was assembled. The base of each arrow 

indicates the output while the tip of each arrow indicates the input.   
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The Particle Tracing Module in COMSOL Multiphysics was used to create the model that 

predicted the motion of particles exposed to the acoustic field and the drag force. The acoustic 

radiation force was input as 𝐹𝑟𝑎𝑑 = 𝐴 ∙ sin(2𝑘𝑧), where 𝐴 = 4𝜋Φ𝑘𝑎3𝐸𝑎𝑐. The model was 

exercised for the polyamide particles with different values of 𝐸𝑎𝑐 until the velocity and acceleration 

profiles in the model agreed with the velocity and acceleration profiles measured experimentally 

using PTV. Agreement between the experiment and the model was obtained when the acoustic 

energy density was equal to 4.9 J·m-3 (using Φ = 0.196, 𝑘 = 6936 m-1, 𝑎 = 10 μm) for the C. 

reinhardtii media. The acoustic energy densities for the N. salina media and T. chuii media were 

6.5 J·m-3 (using Φ = 0.186, 𝑘 = 6934 m-1, 𝑎 = 10 μm) and 0.8 J·m-3 (using Φ = 0.177, 𝑘 = 6942 m-

1, 𝑎 = 10 μm), respectively. Once the acoustic energy density was known, the only unknown for 

the microalgae cells was the ACF (Φ). To confirm the assumption that the acoustic energy density 

was constant in each media, the spectrum analyzer was used to ensure that the piezoelectric disc 

was operating at the maximum resonant frequency in each experiment. 

The motion of three cells from different locations in a single culture was recorded on each 

sample date. The cell trajectories measured using Tracker were compared with the COMSOL 

Multiphysics model to determine the ACF using particle tracking approach. The cells were chosen 

at three different locations in respect to the node to ensure that the COMSOL model worked at any 

location. For each day, the model was manipulated to estimate the ACF to the nearest 0.01 of a 

cell with the average diameter. To assess the uncertainty associated with this ACF, the model was 

then adjusted to produce the trajectories of cells with the same ACF but with diameters equal to 

the average plus or minus the standard deviation of the cell diameter on that day. This created a 

shaded area in which the motion of a cell with the given ACF would be expected to fall.  This 

shaded area was considered because cell size is a major factor in determining particle motion. If 
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the cell position trajectories of all three tracked cells fell within this shaded area, the ACF was 

confirmed. Uncertainty in the ACF was then quantified by adjusting the cell size in the model back 

to the average diameter and changing the ACF until the cell trajectory matched the trajectory of 

the larger or smaller cell (i.e. the edge of the shaded area).  
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3 RESULTS AND DISCUSSION 
 

 

 

This section discusses the impact of cell size and cellular composition on the performance of 

ultrasonic harvesting of algae. This work improves upon previous research of Hincapié Gómez et 

al. (2018) by quantitatively assessing the impact of cellular composition on the acoustic contrast 

factor [25]. Acoustic properties were determined for three different strains of algae: C. 

reinhardtii, N. salina, and T. chuii. The acoustic contrast factor (ACF) for each strain was 

measured using two methods, 1) property measurement approach and 2) particle tracking 

approach, at a minimum of three temporally different points in the growth period. Growth curves 

for each strain are shown in Figure 5.  

 

Figure 5. Growth curves for C. reinhardtii, N. salina, and T. chuii. Markers represent the average 

concentration of the 9-12 individual PBR tubes and the error bars represent the standard deviation. 

The acoustic properties and composition were measured on days 3, 6, and 9 for C. reinhardtii; 

days 3, 7, and 10 for N. salina; and days 3, 6, 9, and 14 for T. chuii. Filled markers represent the 

acoustic measurement days.   
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3.1 Impact of Cellular Composition on Acoustic Contrast Factor 

3.1.1 Variation in Cellular Composition Over the Growth Cycle  

The cellular composition of the algal cells varies over the course of the growth period. 

Cell composition on each acoustic measurement day for each algal strain is presented in Table 3. 

Percentages are presented in terms of ash free dry weight (AFDW) for saltwater species N. salina 

and T. chuii. C. reinhardtii was assumed to have a negligible ash content because it is a 

freshwater species [50]. The ash content for N. salina was 8.8% (7.8%, 10.3%), 6.0% (5.8%, 

6.3%), and 5.2% (5.0%, 5.5%) on day 3, 7, and 10, respectively. The ash content for T. chuii was 

13.7% (13.3%, 14.1%), 14.6% (13.8%, 16.3%), 19.6% (19.2%, 20.1%), and 20.5% (18.6%, 

22.8%) on day 3, 6, 9, and 14, respectively. Since each composition experiment was completed 

in triplicate, central values above for ash content and in Table 3 represent the average and the 

numbers in parentheses represent the total range in replicates.  

Table 3. Cellular composition on each acoustic measurement day for C. reinhardtii, N. salina, and 

T. chuii. Central values represent the average and the numbers in parentheses represent the total 

range in measurements. 

Strain Sample Day Lipid % Protein % Carbohydrate % 

C. reinhardtii 

3 26 (25, 27) 38 (36, 39) 31 (25, 35) 

6 33 (32, 34) 35 (34, 36) 40 (39, 41) 

9 40 (39, 41) 26 (25, 27) 37 (34, 38) 

N. salina 

3 25 (24, 26) 22 (21, 23) 40 (37, 43) 

7 29 (28, 30) 15 (14, 16) 47 (44, 49) 

10 33 (32, 34) 15 (14, 16) 45 (44, 46) 

T. chuii 

3 9 (8, 10) 15 (14, 16) 94 (90, 101) 

6 10 (9, 11) 18 (17, 19) 88 (81, 97) 

9 12 (11, 13) 12 (11, 13) 91 (86, 95) 

14 12 (11, 13) 12 (11, 13) 80 (74, 83) 
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Algal cells are expected to accumulate lipids over the growth period as the culture 

becomes nutrient limited [54]. The lipid content increased substantially between each acoustic 

measurement day for C. reinhardtii and N. salina. For C. reinhardtii, the lipid content increased 

by 7 percentage points between each acoustic measurement day (from 26% ± 1% on day 3 to 

40% ± 1% on day 9). For N. salina, the lipid content increased by 4 percentage points between 

each acoustic measurement day (from 25% ± 1% on day 3 to 33% ± 1% on day 10). For T. chuii, 

the lipid content remained relatively constant (at ~10%) throughout the 14-day growth period. In 

general the lipid increase in the cultures is expected based on nutrient limited growth [55] [56] 

[57]. 

The protein content of C. reinhardtii decreased by 3 percentage points from day 3 to 6 

(38% ± 1% to 35% ± 1%) and decreased by 9 percentage points from day 6 to 9 (35% ± 1% to 

26% ± 1%). The protein content of N. salina decreased by 7 percentage points between day 3 

and day 7 (22% ± 1% to 15% ± 1%), but remained constant from day 7 to 10. The protein 

content of T. chuii remained relatively stable throughout the growth period. The carbohydrate 

content of all three strains did not change significantly from the beginning to the end of the 

growth period. For T. chuii, total values for AFDW composition are greater than 100%. This 

result is most likely due to uncertainty in the measurements because a large range in values for 

each measurement were obtained between replicates. The carbohydrate measurements, in 

particular, had a larger range compared to the other species. There are also cases for C. 

reinhardtii and N. salina where the total composition is less than 100%. This is due to the range 

in measurements and uncertainty associated with the procedures for measuring composition. 
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3.1.2 Acoustic Contrast Factor Determined by the Property Measurement Approach  

Density and sound velocity measurements were taken on each acoustic measurement day 

for each algal strain using five dilutions of concentrated algae. Compressibility was calculated 

using Equation 4. As seen in Figure 6, density and compressibility varied linearly with volume 

fraction on each sample day (all R2 values were greater than 0.97). Accordingly, Equations 8 and 

9 were used to calculate the density and compressibility of the algal cells (Table 4).  For C. 

reinhardtii and N. salina, density decreased and compressibility increased as the days since 

inoculation increased (see Figure 6). This result was expected because the fraction of lipids 

(which have a lower density than carbohydrates and proteins) in these cells increased as the 

growth cycle progressed. For T. chuii, density and compressibility remained relatively constant 

as the cellular composition did not change. 

Since increases in lipid content caused the density of C. reinhardtii and N. salina cells to 

decrease and the compressibility to increase over the growth cycle, the ACF of the cells 

(calculated using Equation 3) decreased over time. The increase in lipid content drove the ACF 

down because lipids themselves have a negative ACF. The ACFs of C. reinhardtii and N. salina 

both decreased by 43% over the course of the growth cycle (Figure 7). Specifically, the ACF of 

C. reinhardtii decreased from 0.056 ± 0.003 to 0.032 ± 0.001 between days 3 and 9. The ACF of 

N. salina decreased from 0.040 ± 0.002 to 0.023 ± 0.001 between days 3 and 10. Conversely, the 

unchanging cellular composition for T. chuii yielded a relatively constant ACF of approximately 

0.3, which is an order of magnitude higher than the ACF of the other species due to the low lipid 

content. These results demonstrate that accumulation of lipids over the growth period can make 

cells less responsive to the acoustic radiation force. 
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Figure 6. Density (left) and compressibility (right) of suspensions of C. reinhardtii, N. salina, and 

T. chuii in growth media as a function of the volume fraction of cells in the media on each acoustic 

measurement day.   
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Table 4. Variations in Cell size (average diameter, average cell volume, and diameter of average 

volume), cell properties (density and compressibility), and ACF of the cells in their respective 

growth media (property measurement approach and particle tracking approach) over the growth 

cycle for three microalgae strains. The uncertainty in the cell diameter is the standard deviation. 

For cell volume and diameter of average volume, the uncertainty is the 95% confidence interval 

on the mean. For cell density and compressibility the uncertainty is the standard deviation between 

each dilution sample. The uncertainty in the ACF represents the propagation of error due to the 

uncertainty in either average cell volume (for the property measurement approach) or cell diameter 

(for the particle tracking approach).  

  Cell size Cell properties ACF 

Strain Day 

Average 

diameter 

(µm) 

Average 

volume 

(µm3) 

Dia. of 

average 

volume 

(µm) 

Average 

density 

(kg·m-3) 

Average 

compressibility 

(Pa-1) 

Property 

measurement 

approach 

Particle 

tracking 

approach 

C. 

reinhardtii 

3 
8.5  

± 1.5 

335  

± 17 

8.6  

± 0.2 

1052  

± 8 

4.01 × 10-10 

± 6.96 × 10-12 

0.056  

± 0.003 

0.040  

± 0.014 

6 
8.0  

± 1.5 

303  

± 13 

8.3  

± 0.1 

1047  

± 11 

4.09 × 10-10 

± 9.13 × 10-12 

0.048  

± 0.003 

0.030  

± 0.011 

9 
8.5  

± 1.0 

353  

± 12 

8.8  

± 0.1 

1031  

± 4 

4.24 ±× 10-10 

 4.07 × 10-12 

0.032  

± 0.001 

0.020  

± 0.005 

N. salina 

3 
4.3  

± 0.4 

42  

± 2 

4.3  

± 0.1 

1051  

± 1 

4.01 × 10-10 

± 5.44 × 10-12 

0.040  

± 0.002 

0.040  

± 0.008 

7 
4.3  

± 0.4 

40  

± 2 

4.2  

± 0.1 

1041  

± 3 

4.08 × 10-10 

± 2.70 × 10-12 

0.031 

 ± 0.002 

0.030  

± 0.006 

10 
4.3  

± 0.4 

41  

± 2 

4.3  

± 0.1 

1033  

± 2 

4.16 × 10-10 

± 2.00 × 10-12 

0.023  

± 0.001 

0.020  

± 0.004 

T. chuii 

3 
12.5  

± 1.5 

1075  

± 43 

12.7  

± 0.2 

1405  

± 36 

1.38 × 10-10 

± 3.76 × 10-11 

0.330  

± 0.014 

0.330  

± 0.070 

6 
11.0  

± 1.5 

652 

 ± 34 

10.8  

± 0.2 

1448  

± 54 

1.33 × 10-10 

± 2.47 × 10-11 

0.339 

 ± 0.018 

0.400  

± 0.105 

9 
13.0 

 ± 2.0 

1108  

± 64 

12.8  

± 0.3 

1306  

± 44 

2.26 × 10-10 

± 3.17 × 10-11 

0.235  

± 0.014 
N/A 

14 
11.5 

 ± 1.5 

746  

± 31 

11.3  

± 0.2 

1444  

± 65 

1.24 × 10-10 

± 4.67 × 10-11 

0.357  

± 0.020 

0.270  

± 0.065 

 

The larger uncertainties in the ACF values for T. chuii is due to the larger diameter (~12 

μm compared to 4.3 μm for N. salina) and greater variability in size (± 2 µm compared to 0.4 µm 

for N. salina) for those cells. These uncertainty values represent the propagation of error due to 

uncertainty in cell volume (and therefore volume fraction). A given uncertainty in diameter leads 

to greater uncertainty in volume for larger cells because volume is proportional to diameter 
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cubed. N. salina cells were smaller and more consistent in size, so the ACF estimate was more 

precise than for the other strains.  

Although the ACFs of the strains investigated here approached zero as the growth cycle 

progressed and lipid content increased, none of the ACFs reached zero. Assuming the densities 

of lipids, proteins, and carbohydrates presented in Table 1, and assuming equal protein and 

carbohydrate contents, the lipid content required to reach an ACF of zero is estimated to be 93% 

from a theoretical perspective. Previous research by Hincapié Gómez et al. (2018) presented a 

case study showing that Chlamydomonas reinhardtii starch null sta6 mutant (CC-4348) cells 

transitioned from a positive to negative ACF [25]. The cells were cultivated in a phosphate-

buffered high salt medium (HSM) with a nitrogen and acetate source [37]. Then the media was 

replaced by nitrogen-deprived HSM with 20mM acetate and the cells were boosted with 20mM 

acetate two days later as well [37]. At the beginning of the growth cycle, the cells migrated to the 

node of the acoustic wave, meaning that the ACF was positive [25]. In the middle of the growth 

cycle, the cells were unresponsive to the acoustic force and the ACF was zero [25]. At the end of 

the growth cycle, the cells accumulated such a high lipid content that they migrated to the 

antinode of the wave, meaning that the ACF was negative [25] [37]. After conducting the present 

research, it is expected that this special case of the ACF becoming zero and then negative is not 

common. The growth methods used on these C. reinhardtii (CC-4348) cells caused such a high 

lipid production that the cells were floating on water even when centrifuged [37]. Furthermore, 

this type of growth method is not widely used, if at all, in the microalgae biofuel and bioproducts 

industries.  
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Figure 7. Cell composition as a function of acoustic measurement day is represented by the bar 

graphs and the left axis. ACF on each day, as determined by property measurement approach 

(green) and particle tracking approach (orange), is shown by the points and right axis. Error bars 

represent the propagation of the uncertainty in cell size. For T. chuii, the ACF for Day 9 was not 

calculated with the particle tracking approach. 
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3.1.3 Acoustic Contrast Factor Determined by the Particle Tracking Approach  

The particle tracking approach involved recording videos of cell motion under the 

acoustic field and obtaining position versus time curves for three randomly selected cells. As 

illustrated in Figure 8, each cell (represented by the solid lines) started at a measured distance 

away from the node of the wave.  

As time progressed, the cell moved toward the node due to the acoustic force. The shaded 

areas represent the COMSOL-predicted range of motion for a cell starting at that particular 

location, with the calculated acoustic contrast factor, based on the standard deviation in cell 

diameter. In some cases, such as for N. salina on day 10, the cells were moving too slow to reach 

the node within the length of the video. In other cases, the motion of a certain cell could not be 

tracked for the duration of the video because the cell moved behind other cells or off the edge of 

the video frame. These limitations do not impact the ability to calculate the ACF.  

As shown in Table 4 and Figure 7, the ACF determined by the particle tracking approach 

decreased over time, similarly to the ACF calculated by the property measurement approach 

(Table 4). For both C. reinhardtii and N. salina, the ACF decreased by 50% over the growth 

cycle. For T. chuii, the ACF decreased by 18% over the 14-day growth period. The uncertainty 

for T. chuii was much greater due to the variability in its larger cell size. Based on the Tukey-

Kramer method, the 18% decrease in ACF is not statistically significant. 

For C. reinhardtii, the ACFs predicted by the particle tracking approach were 

systematically lower than the ACFs predicted by the property measurement approach. Based on 

the Tukey-Kramer method, the ACFs determined by the particle tracking approach were 

significantly different from the ACFs determined by the property measurement approach on days 

3 and 6. Agreement between the two approaches was better for N. salina and T. chuii, with the 
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only significantly different ACF found on day 14 for T. chuii. It is expected that these differences 

between the two approaches are caused by the uncertainty in cell size.    

 

 

 

 
 

Figure 8. Motion of three randomly chosen C. reinhardtii (left), N. salina (middle), and T. chuii 

(right) cells on each acoustic measurement day measured using PTV in the solid lines. Shaded 

areas represent COMSOL modeling of where each cell should be with the range due to the standard 

deviation of the cell size on each day and the corresponding ACF.  

 

The property measurement approach was easier and faster to complete. Additionally, this 

method was less susceptible to uncertainty in diameter since cell size was measured for large 

populations and the distributions were relatively narrow (Figure 9). The uncertainties associated 

with the particle tracking approach were larger than the uncertainties associated with the 

C. reinhardtii N. salina T. chuii 
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property measurement approach. This is due to the larger uncertainty associated with the 

diameter of a single given cell (randomly chosen for tracking) than with the average cell 

diameter in a solution that contains millions of cells. Since the ACF is strongly dependent on 

diameter, there was more uncertainty with the former. However, the property measurement 

approach assumed that the cells behaved in such a way that they are homogenous (with a single 

density and compressibility). The particle tracking approach measured the actual motion of cells 

in an ultrasonic field, but it is not possible to determine the exact composition of those individual 

cells. With the current PTV setup it is not even possible to accurately determine the diameter of 

an individual cell. In the future, with better magnification, the diameter could be measured for 

each cell that is tracked. However, this approach will always require the use of bulk composition. 

3.2 Impact of Cell Size on Harvesting Performance 

In addition to the ACF, cell size greatly impacts the responsiveness of an algal species to 

ultrasonic harvesting. The two major properties of cells that affect their amenability to acoustic 

harvesting are cell size and acoustic contrast factor. In previous work, only 25 cells were 

measured to determine average volume [25]. In this study, 200-400 cells were measured. 

Additionally, cells in this study were measured at a higher magnification (20X and 40X instead 

of 10X), which generated higher-resolution images (i.e., more pixels per micron) and allowed for 

more accurate measurements. As seen in Figure 9, cell size did not vary much over the growth 

cycle. For C. reinhardtii and T. chuii, the bin size is 0.5 µm because these cells were measured 

using 20X magnification. For N. salina, the bin size is 0.1 µm because these smaller cells were 

measured at 40X magnification. Since T. chuii cells have a prolate spheroid shape, the effective 

diameters are shown in Figure 9.  
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Due to the relationship between the acoustic radiation force and drag force described in 

Section 1.2, the theoretical net force acting on cells in an acoustic harvesting system is 

proportional to Φ𝑎2. Although the change in ACF (due to changes in cellular composition) over 

the course of a growth cycle is expected to affect the effectiveness of acoustic harvesting (Figure 

7), cell size has a much greater impact on magnitude of the net force than cellular composition. 

In Figure 10, the ACF multiplied by the cell radius squared (Φ𝑎2) is shown over each algal 

species’ growth cycle. The relative difference in Φ𝑎2 between each species is largely due to 

differences in cell size. The 50× higher Φ𝑎2 value associated with T. chuii, compared to N. 

salina, is largely due to T. chuii cells having a diameter that is 3× the diameter of N. salina cells.  

However, differences in cellular composition also contribute: T. chuii contained roughly one 

third of the amount of lipids compared to C. reinhardtii and N. salina. Since T. chuii was 

composed of almost entirely carbohydrates (Table 3), the ACF of T. chuii was approximately an 

order of magnitude higher than that of the other algal strains in this study.   
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Figure 9. Histogram of cell size for C. reinhardtii (left), N. salina (middle), and T. chuii (right) on 

each acoustic measurement day. The average diameter for C. reinhardtii was 8.5 µm, 8.0 µm, and 

8.5 µm on day 3, 6, and 9, respectively. For N. salina, the average diameter on each day was 4.3 

µm. For T. chuii, the average effective diameter was 12.5 µm, 11.0 µm, and 13.0 µm, and 11.5 µm 

on Day 3, 6, 9, and 14, respectively. The histogram for day 14 can be found in Appendix I. 

 

 

 

 

C. reinhardtii N. salina T. chuii 
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Figure 10. Acoustic contrast factor (property measurement approach) multiplied by the effective 

cell radius squared (a2Ф) over the growth cycle for each algal strain. This metric is proportional to 

the ratio of the acoustic radiation force to the drag force. Blue bars represent N. salina, green bars 

represent C. reinhardtii, and orange bars represent T. chuii. The y-axis is on a log 10 scale. 
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4 CONCLUSION 
 

 

 

This research investigated the change in acoustic properties over a 2-week growth period 

for three algal strains: C. reinhardtii, N. salina, and T. chuii.  These three algal strains have been 

utilized in the biofuels and bioproducts industries [58] [59] [60]. Furthermore, their cell 

composition was in agreement with those found in the literature [55] [56] [57]. As lipids 

accumulated in C. reinhardtii and N. salina over their growth periods, the ACF of the cells 

approached zero but did not become zero. For C. reinhardtii the lipid content increased from 

26% ± 1% to 40% ± 1% from day 3 to 9, which resulted in a 43% decrease in ACF (0.056 ± 

0.003 to 0.032 ± 0.001). For N. salina the lipid content increased from 25% ± 1% to 33% ± 1% 

from day 3 to 10, which also resulted in a 43% decrease in ACF (0.040 ± 0.002 to 0.023 ± 

0.001). For T. chuii the lipid content remained relatively stable throughout the growth period so 

the ACF did not change significantly. Acoustic harvesting is rendered ineffective when the ACF 

is equal to zero. Since the ACF remained nonzero over each strains growth period, this proved 

that the cells would still be responsive to the acoustic force. Therefore, ultrasonic harvesting 

could be utilized throughout the growth cycle. However, the cell composition and resulting ACF 

should be considered at the point in the growth cycle when harvesting will occur.  

Two methods were used to determine the ACF of algal cells: 1) property measurement 

approach and 2) particle tracking approach. Benefits for the property measurement approach 

include quicker and easier experiments and reduced uncertainty with cell variation because this 

method relies on bulk measurements. Conversely, the particle tracking approach determines the 

motion of individual particles to calculate the ACF. This could be viewed as a drawback since 

only a limited number of cells can be measured. However, this method determines the response 
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of cells under the acoustic force and drag force and shows the variation of non-homogeneous 

cells. This research has shown that both approaches are reliable methods to determine the ACF. 

In addition to cell composition, the size of the cells impacts the responsiveness of an algal 

strain to acoustic harvesting. Since the net force acting on the cells is proportional to Φ𝑎2, the 

size of the cell is arguably more important than the composition (for cells with nonzero ACF’s). 

Figure 10 highlights this hypothesis as Φ𝑎2 between species is much larger than Φ𝑎2 over the 

growth period of one species. With the goal to maximize Φ𝑎2 to improve ultrasonic harvesting 

efficiency, the most compatible cells for ultrasonic harvesting would be low in lipid content and 

large in size. This suggests that acoustic harvesting would work well with algae used for 

hydrothermal liquefaction conversion to biofuels because high lipid content is not required for 

this technique. This low-energy harvesting technology has the potential to provide a cost-

effective solution to harvesting microalgae when paired with a compatible species. Future work 

is necessary to design a scalable ultrasonic harvester that could meet the needs of the microalgae 

industry.  
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APPENDIX I 
 

 

 

 
 

Figure 11. Histogram of cell size T. chuii on Day 14. The average effective diameter is 11.5 µm. 


